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The Guanine Exchange Factor vav Controls Axon Growth
and Guidance during Drosophila Development
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The Vav proteins are guanine exchange factors (GEFs) that trigger the activation of the Rho GTPases in general and the Rac family in
particular. While the role of the mammalian vav genes has been extensively studied in the hematopoietic system and the immune
response, there is little information regarding the role of vav outside of these systems. Here, we report that the single Drosophila vav
homolog is ubiquitously expressed during development, although it is enriched along the embryonic ventral midline and in the larval eye
discs and brain. We have analyzed the role that vav plays during development by generating Drosophila null mutant alleles. Our results
indicate that vav is required during embryogenesis to prevent longitudinal axons from crossing the midline. Later on, during larval
development, vav is required within the axons to regulate photoreceptor axon targeting to the optic lobe. Finally, we demonstrate that
adult vav mutant escapers, which exhibit coordination problems, display axon growth defects in the ellipsoid body, a brain area associ-
ated with locomotion control. In addition, we show that vav interacts with other GEFs known to act downstream of guidance receptors.
Thus, we propose that vav acts in coordination with other GEFs to regulate axon growth and guidance during development by linking

guidance signals to the cytoskeleton via the modulation of Rac activity.

Introduction

Vav proto-oncogenes act as guanine exchange factors (GEFs) for
the Rho/Rac GTPase family. Vav proteins are activated by phos-
phorylation in response to stimulation by transmembrane recep-
tors. Once activated, they convert the Rho GTPases from the
inactive to the active state by facilitating the exchange of GDP for
GTP (Bustelo, 2000). The main consequence of the Rho GTPase
activation is the reorganization of the actin cytoskeleton, which is
crucial for many biological processes such as cell division, adhe-
sion, migration, and axon guidance. In addition to the Dbl ho-
mology and pleckstrin homology domains that are characteristic
of the GEFs, Vav members consist of a calponin homology do-
main, an acidic region, a zinc finger region, and the structural
hallmark of signal transduction proteins, the Src homology 2
(SH2) and SH3 domains. These different domains allow Vav pro-
teins to combine catalytic and adaptor functions and make them
unique among the GEF family. Thus, Vav proteins act as signal-
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ing molecules at the crossroads of many different pathways
(Bustelo, 2000).

In mammals, vav] is mainly expressed in the hematopoietic
system, although vav2 and vav3 are expressed more broadly.
Consequently, attention has been focused mainly on the role of
vav in lymphocyte development and the immune response
(Turner and Billadeau, 2002; Fujikawa et al., 2003). In addition,
the three mammalian vav genes are also expressed in some areas
of the CNS (Movilla and Bustelo, 1999; Betz et al., 2003; Chauvet
etal., 2003). Furthermore, several cell culture studies have impli-
cated vav2 and vav3 members in neuronal migration (Schmid et
al., 2004), neurite outgrowth (Aoki et al., 2005), and the forma-
tion of dendrites and axons (Murata et al., 2006). However, there
is very little evidence of a role for vavin axogenesis in a developing
organism. In fact, only one study conducted using postnatal rat
brains and primary cultured neurons reported the involvement
of vav2 and vav3 during axon guidance (Cowan et al., 2005).

Here, we decided to take advantage of the Drosophila model
system to further analyze the contribution of vav in axogenesis
during development. The single Drosophila vav ortholog pos-
sesses the same catalytic specificity as its mammalian counter-
parts, suggesting that the main Vav activities and mechanisms are
well conserved between species (Couceiro et al., 2005). Although
ubiquitously expressed during Drosophila development, we show
that vav displays higher levels of expression in the embryonic and
larval CNSs. We have isolated mutants in the vav gene, and their
phenotypic analysis reveals that vav is required at least at three
different stages during development. During embryogenesis, vav
participates in preventing longitudinal axons from crossing the
midline. At larval stages, vav is required within the larval photo-
receptors to trigger axon targeting of the optic lobe. Finally, in the
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adults, vav mutant brains display axon growth defects. Alto-
gether, our results demonstrate that vav is used reiteratively
throughout development to control axogenesis. Thus, our find-
ings highlight the importance of the Vav proteins as key regula-
tors of axon development.

Materials and Methods

Fly strains. The following fly stocks were used: UAS-vav"*and UAS-vay**
(Couceiro et al., 2005); the X55 enhancer trap line; the ro-7lacZ line; the
trio’, rac2, and mtl mutants; and the sos mutant [kind gifts from Dr.
Christian Klimbt (Westfalische Wilhelms Universitat, Miinster, Ger-
many), Dr. Takashi Suzuki (Max Plank Institute of Medicine, Martin-
sried, Germany), Dr. Barry Dickson (Research Institute of Molecular
Pathology, Vienna, Austria), and Dr. Long Yang (University of Pennsyl-
vania School of Medicine, Philadelphia, PA), respectively]. Tubulin-
Gal4, arm-Gal4, GMR-Gal4, sim-Gal4, UAS-trio, trio®* mutant flies, and
the ovoD FRT101;flp38 stock that was used to produce the germline
clones were obtained from the Bloomington Stock Center (Indiana Uni-
versity, Bloomington, IN). The vav''®”FRT19A stock was generated by
the University of California Los Angeles Undergraduate Research Con-
sortium in Functional Genomics (Los Angeles, CA) and obtained from
the Kyoto Stock Center (Kyoto Institute of Technology, Kyoto, Japan).
The following double mutant stocks for vav and trio were made: vav’/
FM7evelacZ;trio'/TM6UbxlacZ and vav'/[EM7evelacZ;trio®/TM6UbxlacZ.

For the rescue experiments, we made use of the Gal4/UAS system
(Brand and Perrimon, 1993). For the rescue of lethality experiments,
virgin females of the genotype vav/FMZ;tubulin-Gal4/TM6 were crossed
to either FM7actGFP;UAS-vav’’/TM6 or FM7actGEP;UAS-trio/TM3
(where GFP is green fluorescent protein) males to express ubiquitously
vav and trio, respectively. For the rescue of the neuronal phenotype, the
genotype used was vav/FMZ;arm-Gal4. Two different vav alleles, vav®
and vav’, were used in this study. Figure 2D describes the adult male
progeny obtained in all cases.

Imprecise excision of P-element to generate vav mutants. The vav mutant
alleles used in this study are deletions created by generating imprecise
excision of the P-element insertion y' P{SUPor-P}vav<“??°>? (Blooming-
ton Stock Center) located within the vav 5’ untranslated region 427 bp
upstream of the translational start site. y' P{SUPor-P}vav<©9?%%2 flies
were also recombined with yw flies to obtain y'wP{SUPor-P}vay<¢0292?
progeny. The P-element insertions were mobilized by introducing trans-
posase on the third chromosome. Briefly, a total of 528 males of the
genotype y' P{SUPor-P}vav<“°?>%4,A2,3 Sb/+ and 228 males of the geno-
type y' wP{SUPor-P}vavK©92922,A2.3 Sb/+ were crossed individually to
females carrying a FM7-ubiquitous-B-gal balancer. From the progeny,
imprecise excisions of the P-element were isolated by selecting females
that were yellow due to the loss of the y+ allele contained in the
P-element. These females were individually crossed to males carrying an
FM7-actin-GFP balancer, and their progeny was screened for lethality.
Using a PCR-based screen, we examined 30 independent excised lines
that were both lethal and yellow. Twenty of these mutants had a deletion
in the vav gene (see Fig. 2A, PCR with primers b and ¢). Among these
candidates, only three mutants, named vav', vav?, and vav’, also had
intact neighboring genes (CG8010 and CG8002).

PCR and sequencing. The imprecise excision of the P-element was
verified by performing PCR over the excision breakpoint on genomic
DNA extracted from different lethal lines recovered. Standard molecular
biology protocols were used. The following primers were designed
(primer locations within the vav locus are shown in Fig. 2A) to map the
deletion endpoints: a: 5'-TGCTTGCTTACTTCCTCTGAAAGG-3'; b:
5'-GAATGGGTGGCACACTCTAAACC-3'; ¢: 5'-TTGCTCGGACTG-
GCATCTATG-3'; d: 5'-ACGCACACGCACACAAAGCAACAAAC-3';
e: 5'-CGGAAAATCACTGTGGACGGTTG-3'; f: 5'-AGGAAACACC-
ATCGCAAAGGTCT-3'. Sequencing was performed by STAB-VIDA,
and sequences were determined on both strands.

In situ hybridization and immunohistochemistry. Staining of embryos,
imaginal discs, and larval CNS was performed according to standard
procedure. Whole-mount in situ hybridization was done using an RNA
probe corresponding to the full-length vav cDNA (Couceiro et al., 2005).
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The probe was labeled with a DIG labeling kit (Roche Applied Science).
Staining was revealed with BCI/NBT (5-bromo-4-chloro-3-indolyl
phosphate/nitroblue tetrazolium) liquid substrate system or with Fast
Red tablets (Roche Applied Science) in the case of fluorescent in situ
hybridization. When required, in situ hybridization was followed by a
standard immunostaining protocol. To identify unambiguously vav mu-
tant embryos, the stocks bearing the different vav mutant alleles were
balanced over FM7-eve-lacZ, a marked balancer. The following primary
antibodies were used: rabbit anti-3-galactosidase (3-gal) at 1:2000 (Cap-
pel); mouse anti-Fasciclin I (FasIl; mAb 1D4) at 1:7 [Developmental
Studies Hybridoma Bank (DSHB), University of Iowa, lowa City, IA];
mouse anti-Wrapper at 1:10 (DSHB), mouse anti-Chaoptin (mAb
24B10) at 1:50 (DSHB), rabbit anti-Repo at 1:500 (kind gift from Dr.
Benjamin Altenhein, University of Mainz, Mainz, Germany), and rabbit
anti-GFP at 1/10000 (Invitrogen). Horseradish peroxidase with biotin-
labeled secondary antibodies were used at 1/200 in combination with the
Vectastain Elite ABC kit (Vector Laboratories) when staining was re-
vealed with DAB. For fluorescent stainings, the secondary antibodies
anti-rabbit labeled with Alexa Fluor 488 and anti-mouse labeled with
Texas Red (Invitrogen) were used at 1:200. Stained embryos were
mounted in glycerol, epon, or Vectashield (Vector Laboratories), and
images were captured with an Axiophot microscope (Zeiss) using No-
marski optics and with a Leica TCS-SP2 confocal microscope.

Germline clones. Germline clones were generated by x-ray-induced
mitotic recombination. vav’/FM7 females were crossed to males contain-
ing the dominant female sterile mutation OvoP! (Perrimon, 1984). The
progeny was irradiated (Faxitron X-Ray model CP-160)with a dose of
1000 rad at the end of first larval instar and left to grow at 25°C. Adult females
were crossed to FM7 males, and the resulting embryos lacking both vav
maternal and zygotic products were examined by immunostaining.

MARCM analysis. MARCM (mosaic analysis with a repressible cell
marker) was carried out as described by Wu and Luo (2006). Larvae were
obtained by crossing FRT19A,tubGAL80,hsFLP,w;UAS-mCD8::GFP
males (Bloomington Stock Center) to our vav mutant stocks. Briefly,
0-24 h posthatching larvae of the following genotypes were heat-shocked
for 1.5 hat 37°C, raised at 25°C, and dissected at the late third instar larval
stage: (1) generation of wild-type control clones: FRT19A/FRT19A,tub-
Gal80,hsFLP,w; UAS-mCD8::GFP/+; tubulinGal4/+ or FRT19A/FRT19A,
tub-Gal80,hsFLP,w; UAS-mCD8::GFP/eyelessGal4; (2) generation of vav
mutant clones: vav’FRT19A/FRT19A, tub-Gal80,hsFLP,w; UAS-mCD8::
GFP/+; tubulinGal4/+ or vav’FRT19A/FRT19A,tub-Gal80,hsFLP,w;
UAS-mCD8::GFP/eyeGal4.

Adult brain paraffin sections. Paraffin embedding and sectioning were
performed according to Boquet et al. (2000a). Briefly, adult flies of the
genotype yw, y'P{SUPor-P}vav<“??%2 (control flies) or from the vav’
mutant line were placed in collars, fixed, dehydrated, and embedded in
paraffin at 60°C overnight. Seven micrometer frontal sections were per-
formed using a microtome. Paraffin was next eliminated by sequential
washes in xylol and ethanol. Brain sections were subjected to immuno-
staining directly on the slide according to normal procedures.

Results
Vav is highly expressed in the ventral midline during
embryonic development
The only Drosophila vav gene has been reported as being ubiqui-
tously expressed during embryonic development (Dekel et al.,
2000). A more detailed analysis of vav expression shows that
although early in embryogenesis vav mRNA displays a ubiquitous
distribution (Fig. 1 A), from stage 11 transcripts start to accumu-
late in more restricted regions of the embryo such as the CNS and
the invaginating midgut (Fig. 1 B). At stage 13, vav is still detected
in the CNS and midgut with a prominent expression in the mid-
line and a central region of the midgut (Fig. 1C). The high expres-
sion of vav in the midline persists until the end of embryogenesis
(Fig. 1 D).

We next examined whether vav expression was restricted to a
specific midline cell type by using markers expressed in glia and
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or guidance. For this, we generated vav null
mutants by imprecise excision of a
P-element inserted upstream of the vav start
codon y' P{SUPor-P}vav<“"?’? (see Materi-
als and Methods). Given the importance of
the vav genes in mammals, it seemed likely
that vav functions would be essential for vi-

Figure 1.

neurons. Midline glia include three pairs of cells, the anterior
(MGA), medial (MGM), and posterior (MGP) midline glia.
Wrapper is a marker for midline glia that is predominantly ex-
pressed at the surface of MGA and MGM (Noordermeer et al.,
1998). By using combined in situ and antibody staining, we could
detect vav transcripts in all Wrapper-expressing cells. Vav expres-
sion is also observed in additional cells in which Wrapper is not
detected (Fig. 1E). To identify these cells, we used the X55 en-
hancer trap that drives LacZ expression in several types of midline
neurons and in the MGP (Kldmbt et al., 1991). By stage 15, when
midline cells are differentiated, vav expression is detected in the
most posterior cluster of X55-expressing cells, which corre-
sponds to the MGP. In addition, vav and 3-gal also colocalize in
a subset of neuronal cells, which can be seen as a darker brown
signal (Fig. 1F). Together, these results indicate that vav is ex-
pressed in all midline glial cells and in some midline neurons,
showing that vav expression is not restricted to a specific cell type
in the embryonic midline.

Generation of vav loss-of-function mutations

The fact that vav is specifically expressed in the midline and its
transcripts can be found in both glial and neuronal cell popula-
tions prompted us to analyze a possible role for vav in axogenesis

Whole-mount in situ hybridization to detect vav expression in Drosophila embryos. Anterior is toward the left in all
panels. 4, Vav is ubiquitously expressed in the cellular blastoderm. B, Lateral view of a stage 11 embryo when the germ band is
extended, showing vav expression in the midline primordium and the head. €, Stage 13 germ band-retracted embryo. Lateral view
shows vav expression in the embryonic midline (white arrow) and in the midgut (a region with higher levels of vav expression is
indicated with a white arrowhead). D, Ventral view of stage 15 embryo highlighting vav expression in the midline (white arrow).
E, F, Colocalization of vav mRNA and midline marker proteins in stage 15 embryos. E, Left, Confocal views of vav fluorescent in situ
hybridization. Vav transcripts (red) colocalize with wrapper proteins (green), showing that vav is expressed in anterior and medial
midline glia (yellow arrowhead) plus other cells where Wrapper expression is excluded (red arrowhead). Right, High magnification
of region shown in the dashed rectangle. Wrapper expression alone is shown at the top, vav expression in the middle, and merged
staining at the bottom. F, Left, Distribution of vav transcripts (blue) with regard to X55 enhancer-trap expression (brown) driven in
midline neurons and posterior midline glia (MGP). Vav is expressed in the MGP (white arrowhead) and a subset of neurons (black arrow-
head). Right, High magnification of the segment in the dashed box showing vav expression in both glial and neuronal midline cells.

ability and its deletion would be lethal.
Among the 30 independent lethal lines re-
covered from the mutagenesis, we isolated
three mutants for vav named vav', vav?, and
vav’. Sequence analysis of these mutants re-
vealed that the deletions removed 1460,
1532, and 2293 nt, respectively, of the
genomic vav locus as illustrated in Figure
2A. The three vay alleles caused deletions
both upstream and downstream of the tran-
scription start site. We confirmed by in
situ hybridization that they were null al-
leles, as they did not produce detectable
transcripts (Fig. 2B, C).

The lethality of the vav mutant chro-
mosomes is due to the loss of vav function,
as it could be rescued by the ectopic ex-
pression of a vav cDNA (UAS-vav driven
by tubulin-Gal4 or arm-Gal4) in vav’ and
vav’ mutant backgrounds (Fig. 2D). Sig-
nificantly, since the ubiquitous ectopic
expression of another GEF called trio
was not able to rescue the vav mutant
lethality, these results demonstrate that
the mutants generated affect specifically
the vav gene.

Although the majority of homozygous
vav mutants die before eclosion, we found
occasional male escapers, indicating that
the mutations are semilethal. These wild-
type-looking escapers display strong loco-
motion defects and die shortly after birth
glued to the food and unable to walk or fly
away. If such flies are rescued from the food, they show impair-
ment of spontaneous locomotor activity and display a “shaking”
phenotype. When we dissected out late pupae that failed to
eclose, we observed that they contained fully developed adults
also displaying strong locomotion defects. This suggests that
many mutants die as pharate adults trapped in the pupae case, as
they fail to achieve the normal movements needed for eclosion.
The fact that vav mutants normally survive until the pupal stages
allows us to address vav function at different times during
development.

swrapper

Embryonic midline guidance defects in vav mutants

Many genes expressed in the midline are involved in axon guid-
ance, controlling which axons should cross the midline and
which should not. In wild-type late embryos, as it is the case in
y'P{S UPor-P}yay<c02022 embryos (Fig. 3A), the anti-FaslI anti-
body labels three bundles of axons running longitudinally along
each side of the midline (Grenningloh et al., 1991). While we
could not detect any defects in vav mutant embryos at stages 13
and 14 (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material), we found that ~14% of stage 17 vav
mutant embryos (selected by the absence of B-gal staining) dis-
played misrouting of a subset of longitudinal axons across the
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midline (Fig. 3B). These embryos showed A
two ectopic crosses on average (Fig. 3H).

This phenotype was observed in the three
different vav alleles isolated. However, as

these three alleles are derived from a single --| cGsoo2
parental chromosome, we also used an

unrelated allele (vav''®*”FRT19A) con-

taining a P-element insertion disrupting

RN
a
the vav gene. The same phenotype was ob- -—_—
—

served with the vav''®*’FRT19A allele

(Fig. 3G), confirming that the defects were --
indeed due to the absence of vav. To see
whether other axons were misrouted in
vav mutant embryos, we used the BP102
monoclonal antibody (Seeger et al., 1993)
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- vav': A 1460 bp

~~-

); - vav2 A 1532 bp

F———- vavd:A2293 bp

that labels both axons crossing the mid- B
line (commissural axons) and axons on
each side of the midline (longitudinal ax-
ons) and allows us to visualize the overall
CNS axon pattern. Vav mutant embryos
stained with BP102 did not display any
obvious phenotype (data not shown).

wit vav*®

As it has been reported that when mid-
line glia cells are absent some CNS ax- D
ons cross the midline inappropriately
(Stemerdink and Jacobs, 1997), we de-
cided to test whether the midline glia was

Male progeny

vav

EMZ Gal4-tub TM6

UAS-vav

present in vav mutant embryos. By using

137 70 0

an antibody directed against the Wrapper

UAS-trio

58 0 0

protein, which specifically labels midline
glia, we found that midline glia correctly
expressed Wrapper in vav mutant em-
bryos (data not shown). In addition, as
decreased levels of the repulsive cue Slit,
such as those found in lola mutant em-
bryos (Crowner et al., 2002), also result in
midline crossing defects, we tested
whether Slit expression was altered in vav
mutants and found it was not (data not
shown). Thus, although we cannot ex-
clude a possible additional role for vav in
the midline glia, our results indicate that
the midline crossing phenotype that we
observed in vav mutants cannot be as-
cribed to an absence of midline glial cells nor to gross alterations
in the levels of the secreted ligand Slit.

Because the penetrance of the phenotype was only 14%, we
tested whether vav maternal product could compensate for the
lack of zygotic vav, even though RNA transcripts were not de-
tected from early stages in vav mutant embryos. Thus, we gen-
erated embryos in which both the maternal and the zygotic
products were absent. We could not detect stronger midline
crossing defects than those already observed (data not shown),
suggesting the Vav maternal contribution, if any, is not im-
portant. In conclusion, vav contributes at the end of embryo-
genesis to prevent misrouting of axons at the midline.

Figure 2.

Genetic interactions between vav and other GEFs

One of the best described functions of Vav is its activity as a GEF
for the Rho GTPase family, particularly for the Rac proteins in
both mammals and Drosophila (Turner and Billadeau, 2002;
Hornstein et al., 2003; Couceiro et al., 2005). The three Drosoph-
ila rac members have been shown to play a crucial role in axon

Characterization of the vav deletion mutants. A, Schematic representation of the vav locus and mutations. Exons are
represented by blue boxes, surrounding genes by purple boxes, and the P-element by an orange box. Shown in red is the vav 5’
untranslated region (UTR). Dashed lines indicate that the gene sequences continue but are not represented in entirety. Horizontal
arrows designate transcription start sites for vav, for the gene located upstream and for the gene within the third exon of vav.
Half-arrows (a—f) show the positions and directions (from 5" to 3") of the different primers used to determine the deletion
endpoints of the three vav mutant alleles by PCR. vav’, vav’, and va/’ are the deletion mutants derived from y’P{SUPor-
Phvav©02922 by p-element imprecise excisions. The size of the deletions is indicated. For the three mutants, the vav locus is
represented by a line and the region between brackets corresponds to the deletion. B, C, Vav expression is abolished in mutants.
Anterior is to the left. Stage 15 embryos stained for 8-gal (brown, immunostaining) and vav (blue, in situ hybridization).
B, Vav*/FM7-eve-LacZ. The balancer chromosome gives positive 3-gal staining and expresses the vav gene. Wt, Wild type. C, vav®
mutant shown by the absence of 3-gal staining. The vav gene is not expressed. D, Table illustrating the rescue experiments.
Crosses are described in Materials and Methods. The numbers of the adult males progeny are indicated in the table showing that
the ubiquitous ectopic expression of vav but not trio can rescue the vav mutant lethality.

growth and guidance during development (Hakeda-Suzuki et al.,
2002; Ng et al., 2002). However, while some rac mutants display
midline crossing phenotypes that resemble those observed in vav
mutants, the double and triple rac mutants show additional de-
fects that are not found in vav mutants, such as axon growth
defects. We therefore hypothesized that vav could be cooperating
with other GEFs to mediate distinct aspects of Rac function dur-
ing embryonic axon growth and guidance. In fact, another Rac
GEF, trio, is required for proper axon growth in the embryo
(Awasaki et al., 2000; Bateman et al., 2000). Interestingly, muta-
tions in trio recapitulate only some aspects of the rac phenotype,
as is the case for vav. For instance, frio mutants display discon-
tinuous longitudinal axon tracts but do not show midline cross-
ing defects (Awasaki et al., 2000; Bateman et al., 2000). Hence, we
decided to test for genetic interaction between vav and trio. Strik-
ingly, most vav; trio double mutants display severe patterning
defects, making axogenesis difficult to analyze in these mutants
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Those mutant embryos that do not show gross
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P=14.6% P=45.4% P=71%

16 14.6

Figure 3.

Vavisinvolved in axon formation during embryonic development and interacts genetically with other GEFs. Embryos were stained with the monoclonal anti-Fasl| (or 1D4) antibody to

visualize a subset of CNS axons. Stage 17 embryos were filleted (B—D) or mounted in epon (A, E-G). Anterior is up. Higher magnification is shown in insets. 4, KG02022 embryo showing the normal
organization of the longitudinal axons in three fascicles at each lateral side of the ventral midline. B, Vav? mutant embryos showing axon formation and quidance defects. Mutants display midline
crossing defects where axon bundles abnormally cross the midline (arrows). €, Trio mutants (trio®/trio®) display interrupted axon tracts. D, In vav;trio double mutants (vav%;trio™/trio™), axon
tracts are more severely disrupted and axons fascicles are joined together at the midline. E, Sos embryos (sos?/s0s2") display midline crossing defects (arrows). F, In vav;sos double mutants
(vav?;s05°*/s0s%2"), midline crossing defects (arrows) are much stronger than in the single mutants. G, The vav ""®FRT19A mutant embryos display the same defects as the vav alleles isolated here
(compare with B). H, Quantification of the midline crossing defects observed in vav, sos, and vav;sos mutants. Partial genotypes are indicated on the x-axis with the number of embryos analyzed (n)
and the penetrance ( P) of the phenotype in each case. The average number of ectopic crosses per embryo displaying at least one cross (expressivity) is indicated on the y-axis. Error bars represent
standard deviations. I, Vav? mutant embryos show axon defects. J, Ubiquitous expression of a wild-type version of vav, UAS-vav-HA, tagged with a HA epitope (brown), can partially rescue the
embryonic CNS defects. K, Quantification of the rescue of the neuronal phenotype. The purple bar represents the percentage of vav embryos showing midline crossing defects, and the pink bar
represents the rescue of this phenotype by ubiquitous expression of a wild-type version of vav.

morphological defects exhibit stronger and more frequent CNS
phenotypes than the single mutants alone (Fig. 3D). In fact, axon
projection defects, both along the longitudinal tracts and across
the midline, are enhanced in the double mutants. Interestingly,
the axon defects found in vav;trio double mutants are reminiscent
of those observed in triple loss-of-function Rac mutants
(Hakeda-Suzuki et al., 2002).

Sosis another GEF that have been implicated in axon guidance
during embryonic CNS formation through the activation of Rac
(Yang and Bashaw, 2006). Removal of sos results in midline cross-
ing defects similar to those described here for vav (Fritz and Van-
Berkum, 2000) and (Fig. 3E). Notably, double vav;sos embryos
display a midline crossing phenotype with a much higher expres-
sivity (seven crosses per embryo on average) than the single mu-
tants (Fig. 3F,H). However, these embryos do not show any
other defects within and outside of the CNS (data not shown), as
opposed to vav;trio double mutants.

These results suggest that vav, trio, and sos cooperate to regu-
late Rac activities in the embryonic CNS during development.

Photoreceptor axon targeting defects in vav mutants
Next, we decided to test whether vav function during axogenesis
was restricted to embryonic stages or whether, on the contrary,
vav was also required to regulate axon guidance at other develop-
mental stages. Another good model to assess defects in axon guid-
ance in Drosophila is the targeting of photoreceptor axons from
the eye imaginal disc to the optic lobe of the brain during larval
development. We analyzed vav expression in the developing eye
by performing whole-mount in situ hybridization on third instar
larvae. In the eye imaginal disc, vav is expressed ubiquitously with
higher levels in two stripes around the morphogenetic furrow
(Fig. 4A). In the brain, transcripts are detected almost ubiqui-
tously in the optic lobes, whereas in the ventral nerve cord they
are restricted to the midline as well as two lateral stripes (Fig. 4 B).
This expression is vav specific, as no transcripts were detected in
vav mutant eye discs (Fig. 4A’) and larval brains (data not
shown).

Vavis therefore expressed in the appropriate place and time to
play a role in photoreceptor axon targeting to the optic lobe. To
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test this hypothesis, photoreceptor axons
of third instar larvae eye—brain complexes
from wild-type and vav mutants were an-
alyzed using the 24B10 monoclonal anti-
body. This antibody recognizes Chaoptin,
a photoreceptor (R cell)-specific protein
(Reinke et al., 1988). Axons for the eight R
cells of each eye ommatidium fasciculate
and project from the eye disc through the
optic stalk to appropriate locations in the
opticlobe, establishing a stereotypic topo-
graphic map (Clandinin and Zipursky,
2002; Mast et al., 2006). In wild-type flies,
the outer R1-R6 cell axons innervate the
first optic ganglion, the lamina, forming a
layer of expanded growth cones seen as a
smooth and uniform line. The inner R7
and R8 cell axons project through the
lamina, and their growth cones elaborate
a regular array in a distinct ganglion, the
medulla (Fig. 4C). Within the ganglions,
R cell axons defasciculate, and each projects
to a unique target. In vav mutants, while R
cell axons converge in the eye disc and
project into the optic lobe, they form ab-
normal patterns of connections in the
lamina that appear discontinuous. This
reflects an uneven spread of the R1-R6
axon bundles in which some regions are
hyperinnervated and others lack innerva-
tion, creating gaps in the lamina (Fig. 4D,
arrow). In addition, the characteristic
retinotopic pattern of the medulla is also
disrupted in vav mutants (Fig. 4D, aster-
isk). As it is the case for the embryonic
midline guidance phenotype, photore-
ceptor axon targeting is similarly dis-
rupted in the unrelated vav''®*’FRT19A
allele, confirming the specificity of the vav
gene in this process. Interestingly, mistar-
geting of photoreceptor axons is observed
in 100% of the vav mutants analyzed (n =
60 optic lobes), although the severity of

the defects is variable. We can classify the axonal phenotype
using the following criteria: (1) mild, when only one or two
gaps are found in the lamina, occuring in 22% of the cases
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Figure4. Vavisrequired for photoreceptor axon projections. A, B, Whole-mount in situ hybridization to detect vav expression
in Drosophilathird instar larval eye— brain complexes. A, A", Anterior is toward the left. In wild-type larval eye imaginal disc (4) vav
is expressed ubiquitously, including in photoreceptors (PR), with higher levels observed in the morphogenetic furrow (MF) region.
Vav expressionis abolished in vav mutants (4"). B, Confocal view of vav fluorescent in situ hybridization. Vav expressionis observed
in the larval CNS, including the optic lobes (OL), with higher levels seen in the midline (arrow) and two lateral lines (arrowheads)
of the ventral nerve cord. C, D, Third instar photoreceptor axon projections are visualized with anti-Chaoptin (mAb 24B10) in
eye— brain complexes. Axons project from the eye disc (ed) (upper left) into the brain through the optic stalk (os). €, In wild type
(wt) the R1-R6 subset of photoreceptor axons stop in the lamina neuropil (Ia), where their growth cones form a continuous line of
staining, while R7 and R8 continue into the medulla (me), forming a topographicarray. D—D", Various phenotypes can be observed
in vav mutants: there are gaps in the lamina plexus (D, arrow), disruption of the typical medulla array pattern (D, asterisk),
complete stalling of all axons in the lamina (D”, arrow) or increased numbers of axons entering the medulla (D", arrowhead). E, F,
R2-R5 photoreceptor axons are visualized selectively using a ro-tau-lacZ reporter to assess targeting to the lamina. E, In wild type,
all R2—R5 axons stop in the lamina neuropil (arrow). F, In vav mutants, some R2—R5 axons display a lamina bypass phenotype
(arrowhead).

Thus, in addition to the role for vav in axon guidance during
embryogenesis, vav is also required for photoreceptor axon guid-
ance and targeting during larval development.

analyzed; (2) strong, when more than two gaps are observed

and/or too many axons seem to bypass the lamina and termi-
nate in the medulla, seen in 58% of the cases (Fig. 4D"); and
(3) severe, found in 20% of cases, when only a few R cell axons
penetrate the optic lobe and stall in the lamina instead of
extending deeper in the medulla (Fig. 4D"). The phenotype
observed in the strong mutant category, where too many ax-
ons target the medulla, suggests that some of the R1-R6 axons
that should stop in the lamina might be misrouted and tar-
geted to the wrong ganglion. To assess axon targeting to the
lamina in more detail, we used the ro-tau-lacZ marker that
labels specifically a subset of R cell axons that stop in the
lamina, R2-R5 (Garrity et al., 1999). In contrast to the wild-
type situation (Fig. 4E), in vav mutants several R2-R5 axons
fail to terminate in the lamina but instead project aberrantly

into the medulla (Fig. 4F).

Rac proteins are Vav effectors in photoreceptors

Axon guidance defects also occur in the visual system of Rac
mutants (Hakeda-Suzuki et al., 2002). These defects are similar to
those we observed in vav mutants larvae (data not shown), sug-
gesting that vav could mediate its function in photoreceptor axon
guidance through the activation of Rac proteins. To test this, we
performed an epistasis experiment in the eye. Ectopic expression
of a constitutively active form of Vav (UAS-Vav*) in the photo-
receptors by using the GMR—Gal4 driver results in a severe dis-
ruption of the adult eye morphology (Fig. 5B). We reasoned that
if Vav signals through the Rac proteins in vivo, these defects
should depend on Rac activity. Indeed, the eye morphology de-
fects induced by the ectopic expression of Vav* are largely sup-
pressed in animals homozygous for a loss-of-function mutation
in either rac2 or racl (Fig. 5C) (data not shown), while it is only
mildly suppressed in mtl homozygous mutant flies (Fig. 5D).
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GMR-vav*

Figure 5.

phenotype almost similar as that in B.

Figure 6.

(arrowheads).

These data indicate that, at least in the photoreceptors, Vav does
indeed act through Rac proteins in vivo and further suggest that
Racl and Rac2 are its preferred substrates.

Vav is not required for the differentiation and/or migration of
lamina glial cells

Proper R cell projection patterning relies on bidirectional inter-
actions between the photoreceptor axons and glial cells in the
optic lobe. On the one hand, R cell axons provide signals to
induce the differentiation and migration of the lamina glia. On
the other hand, lamina glial cells produce retrograde signals that
act as guidance cues for R cell axons to induce their termination
within the lamina (Mast et al., 2006). For instance, in non-stop
and CSN5 mutants where fewer glial cells enter the lamina,
R1-R6 axons extend into the medulla (Poeck et al., 2001; Suh et
al., 2002), a phenotype that resembles what we observe in vav
mutants. To test whether the vav mutant phenotype could be due
to defects in the formation and migration of the lamina glia, we
decided to analyze the pattern of lamina glial cells in vav mutant
embryos using the anti-Repo antibody as a marker (Xiong et al.,
1994). In wild-type optic lobes, R cell axons target between two
layers of glial cells, epithelial glia and marginal glia, at the lamina
plexus (Fig. 6A). In vav mutants, the number of glial cells and
their characteristic distribution in rows surrounding the lamina
plexus within the R1-R6 target region are similar to those in
wild-type (Fig. 6 B). Furthermore, glial cells are found in areas in
which R1-R6 axons mistarget (Fig. 6 B, arrowhead). This indi-

Differences in the ability of Rac proteins to rescue a vav gain-of-function phenotype in the eye. Adult eyes from flies
with different genotypes are shown. A, GMR/ +;rac2/rac2 flies do not display eye phenotype. B, GMR/vav*;rac2/ + flies showing
a severe eye phenotype. (, GMR/vav*;rac2/rac2 flies display a mild eye phenotype. D, GMR/vav*;mtl/mtl flies display an eye

Lamina glia differentiation and migration occur normally in vav mutant optic lobes. Preparations of wild-type (wt)
and vav mutant eye— brain complexes dissected from third instar larvae. Laser confocal microscopy 2 pum sections of optic lobes in
which glial cells and R cell axons were visualized with anti-repo antibody (green) and mAb 24B10 (red), respectively. 4, In wild-type
larvae, glial cells, which have already migrated at this stage, are organized in three layers at the lamina plexus. R cell axons target
between two layers of glial cells. B, In vav mutants, glia differentiation and migration are not compromised. In addition, the
number of glial cells is not reduced and the lamina regions lacking axon innervation do not correlate with a lack of glial cells

cates that vav is not required for either the
formation or the migration of lamina glial
cells to the target area.

Vav function is required within the
photoreceptor axons to control guidance
Having established that vav was not re-
quired to position glial cells in the lamina,
vav could function either in R cell axons
or in glial cells to dictate axon targeting.
We first tried to test whether vav was re-
quired autonomously in the R cells by try-
ing to rescue the vav mutant phenotype
expressing a wild-type version of vav in
the R cells by using the GMR-Gal4 driver.
We performed these experiments using
different UAS-vav lines and different tem-
peratures. We could verify expression of
the transgene in the R cells, as it is tagged
with a hemagglutinin (HA) epitope.
However, we could not rescue the pheno-
type in any case. There are at least two
alternative explanations for these results.
On the one hand, vav could be required in
both axons and glia to regulate proper
axon guidance. The fact that in the em-
bryo ubiquitous expression of a vav cDNA
could partially rescue the midline crossing
phenotype (Fig. 31-K), while targeted ex-
pression of vav in either the axons or the
midline glia could not (data not shown),
support this idea. Alternatively, Vav
might need to be tightly regulated within
the cells, regulation that cannot be
achieved using the GAL4-UAS system.
Therefore, we used a different approach to
test whether vav was required in the R cell axons or in the optic
lobe target region to mediate its function in axon guidance. For
this, we eliminated vav function specifically in each of these cell
types by carrying out a series of clonal analyses using the
MARCM technique (Lee and Luo, 1999). This system allowed us
to generate and positively label vav mutant R cells or glial cells. In
controls, GFP-labeled wild-type R cell axons project into appro-
priate locations in both the lamina and the medulla, and their
growth cones expand in size when they reach their target (Fig.
7A). However, homozygous vav mutant axons display targeting
defects in the vast majority of mosaic animals (80%; n = 15 optic
lobes). As in the case of the whole vav mutant larvae, many vav
mutant axons in otherwise wild-type larvae do not stop at the
lamina but target abnormally into the medulla (compare Fig. 7 B, C,
Fig. 4D"). In contrast, vav mutant MARCM clones affecting the
lamina glia (Fig. 7D) or the medulla (data not shown) were not
associated with defects in R cell axon projections. Even when large
vay mutant clones were generated in both target regions, wild-type
axons were able to project normally (Fig. 7E). Based on these obser-
vations, we conclude that vav is mainly required in R cells to regulate
axon targeting.

Vav is required for the correct growth of axons forming the
ellipsoid body in the adult brain

The correct formation of several Drosophila adult brain struc-
tures depends on axon growth and guidance that takes place
during metamorphosis. As we mentioned above, few vav mutants
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are able to reach adulthood and, when
they do, they display strong locomotion
defects. Interestingly, walking and coordi-
nation abilities are controlled by the cen-
tral complex that is located between the
two protocerebral hemispheres in the
brains of all insects (Strauss, 2002). In ad-
dition, abnormal walking and flying be-
haviors have been observed in various
mutants where the central complex struc-
ture is disrupted (Strauss and Heisenberg,
1993). As the four interconnected regions
forming the central complex (the fan-
shaped body, the ellipsoid body, the pro-
tocerebral bridge, and the paired noduli)
are composed of axonal bundles, we de-
cided to examine these structures in vav
mutant animals by performing brain sec-
tioning. The FasIl antibody is a good
marker to analyze the general pattern of
adult brains, as it stains a subset of the
axons forming the central complex struc-
tures but also other axon-rich regions
outside of the central complex, such as the
mushroom bodies and an asymmetrical
structure important for long-term mem-
ory (Pascual et al., 2004). In vav mutant
adults, all these regions seem to be present
and the general aspect of the brain ap-
peared similar to that of wild type (Fig. 8,
compare A,B). However, the majority of
vav mutant brains show axon growth de-
fects in the ellipsoid body. Thus, while ax-
onal projections constituting the ellipsoid
bodies of all wild-type brains analyzed
adopt a characteristic ring shape (n = 17
brains) (Fig. 8C), 63% of vav mutant
brains display ellipsoid bodies partially in-
terrupted ventrally along the brain mid-
line (n = 49 brains) (Fig. 8 D-E). The
expressivity of the phenotype is variable,
with 34% of the mutants displaying a mild
phenotype in which only the external ring
remains opened (Fig. 8 D), whereas 29%
display a stronger phenotype with both el-
lipsoid body rings being opened (Fig. 8 E).
The ellipsoid body precursor, a flat neuro-
pilic structure consisting of dorsal fibers,
elongates downward during metamor-
phosis to form the final adult ring shape (Renn et al., 1999; Boquet et
al,, 2000). Thus, we believe the phenotype observed in vav mu-
tants is most likely due to ellipsoid body neurons failing to
achieve complete growth. As the ellipsoid body is formed dur-
ing pupation (Renn etal., 1999), these results therefore indicate that vay
is not only required for axogenesis during embryonic and larval
development, but is also required at later stages.

wt clones

vav mutant clones

Figure 7.

Discussion

Vav members are key regulators of the Rho GTPases and the Rac
proteins in particular. However, although many studies have im-
plicated the Rac proteins in controlling several aspects of axon
growth and guidance during development (Linseman and
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Vav function is required in R cell axons but not in the target to control axonal projections. A-E, Laser confocal
microscopy of double-immunolabeled wild-type (wt) (4) and vav mutant (B—E) mosaic late third instar visual systems is shown. R
cell axons were visualized with mAb 24B10 (red), and MARCM clones are visualized with GFP. Stacks of various 1 pum sections were
made. 4, In wild type, GFP-marked R cell axons target to appropriate locations in the lamina and medulla. B, C, While some
homozygous vav mutant R cell axons target the lamina correctly (arrows), other axons (presumably R1-R6) project to a wrong
layer below the lamina (arrowhead), from where some of them (presumably R7 and R8) extend deeper in the medulla. D,
Wild-type R cell axons project correctly in the lamina plexus between two layers of vav mutant epithelial and marginal glial cells.
E, Large clones of vav mutant cells in the medulla and the lamina do not affect R cell axon projections.

Loucks, 2008), our understanding of vav function in these pro-
cesses is far more primitive. This is quite surprising given that all
vav members are expressed in neural tissues in mammals. Re-
cently, analysis of postnatal vav’/vav’-deficient mice has revealed
abnormal retinogeniculate projections (Cowan et al., 2005). In
this study, we demonstrate that in Drosophila vav is required for
axon growth and guidance at embryonic, larval, and pupal stages.
Hence, our data strengthen the role of vav in multiple aspects of
axogenesis during development.

Vayv is used reiteratively during Drosophila development to
regulate distinct aspects of axogenesis

During the formation of the embryonic central nervous system of
Drosophila, the neurons send out axons that project either ipsi-
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Figure 8.

Central brain defects in the adult vav mutant. Serial 7 wm paraffin frontal sections of wild-type and vav mutant adult brains were stained with the axon marker Fasll to highlight

different neuropilar structures. Dorsal is above. 4, In wild-type larvae, central complex regions such as the fan-shaped body (fb) and the ellipsoid body (eb) are stained with Fasll, as well as the
mushroom bodies (mb). B, The main brain structures are present in vav mutant brains. C, Higher magpnification of wild-type ellipsoid body showing the characteristic ring-like shape of this structure.
D, E, Ellipsoid bodies from vav mutants show axonal growth arrest with various expressivities (arrowheads), resulting in ventrally opened structures along the midline. In the milder cases (D) only
the outside ring of the ellipsoid body is opened, whereas in stronger cases (E) axons forming both the outside and inside rings are affected.

laterally or contralaterally to form the complex axonal lattice. A
small number of neurons project ipsilaterally as they receive re-
pulsive signals from the midline glia and never cross the midline,
while most neurons project contralaterally, cross the midline,
and form the commissures (Schmid et al., 1999). In vav2/vav3
mutant mouse brains, ipsilateral but not contralateral projec-
tions are affected (Cowan et al., 2005). These results are consis-
tent with our data showing that Drosophila vav is required to
regulate proper ipsilateral axon projection, as in vay mutant em-
bryos the most medial longitudinal axons occasionally cross the
midline when they should not. These fascicles are particularly
sensitive to perturbations in axon guidance mechanism and cross
the midline whenever repulsive signaling is altered, suggesting
that Vav might participate in the regulation of repulsive signaling
from the midline.

We also demonstrated that vav is required during subsequent
larval development in regulating photoreceptor axon targeting to
the optic lobe. This is again consistent with the finding that vav2/
vav3 mutant mice display abnormal projections of axons con-
necting the retinal cells to the brain (Cowan et al., 2005),
suggesting that the role of vav in mediating axon guidance deci-
sions is conserved between species. Interestingly, vav function in
photoreceptors (R cells) seems to be more important than in the
embryonic CNS. Indeed, we found that in 100% of the larvae, R
cell axons projected aberrantly to the lamina and the medulla
target regions, while only 14% of vav mutant embryos displayed
guidance defects. Finally, we showed that later, during metamor-
phosis, vav is required once more for the correct formation of the
ellipsoid body, one of the central brain structures. The ellipsoid

body, in a majority of vav mutant adult brains, does not close
properly and remains ventrally opened, most likely reflecting de-
fects in the growth of the axons forming the ellipsoid body rather
than guidance errors. Interestingly, the ellipsoid body has been
involved in the control of locomotion, and vav mutant adults
display strong locomotion defects. Opened ellipsoid bodies have
also been found in ciboulot mutants (Boquet et al., 2000b). How-
ever these mutants do not display locomotion defects, suggest-
ing that a disruption of the ellipsoid body alone is not
sufficient to produce the locomotion phenotype observed in
vav mutants. This implies that vav might also be required to
regulate other aspects of axogenesis, in addition to the ones we
have identified.

In summary, our results show that vav is required reiteratively
throughout life to regulate different axogenesis events, including
axon growth and guidance.

Vav requirements within axons during axon guidance
During larval development, R cell axon targeting to the optic lobe
is controlled, on the one hand, by some genes that are acting
within the axons themselves, and on the other hand, by some
genes that are sending signals to the axons from the glia to guide
them (Mast et al., 2006). Our MARCM experiments clearly dem-
onstrate a role for vav within the R cell axons to regulate their
projections. This is also the case in mammals, where Vav2 is
highly expressed in the growth cones of cultured neurons where it
is required to control guidance (Cowan et al., 2005).
Interestingly, in Drosophila, the GEF Trio has been shown to
activate Rac, which in turn activates Pak, which is recruited to the
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membrane by Dock (Garrity et al., 1996; Hing et al., 1999;
Newsome et al., 2000; Hakeda-Suzuki et al., 2002). These pro-
teins participate in a signal transduction pathway that plays an
essential role during photoreceptor axon guidance. We have
shown here that Vav also acts via Rac in photoreceptors and that
vav and trio interact genetically. Thus, in this context, it is tempt-
ing to speculate that like Trio, Vav could also contribute to the
precise spatial control of Pak activity. In this scenario, the com-
bination of signals via Vav, Trio, and Dock would allow growth
cones to integrate multiple guidance signals.

Vav function in the axons could be to regulate the intracellular
trafficking of guidance receptors through the activation of Rac. In
mammals, for instance, vav2 has been proposed to be required in
axons downstream of ephrin signaling for proper axon guidance
(Cowan et al., 2005). In this case, when ephrins bind their Eph
receptors, Vav becomes transiently activated upon phosphoryla-
tion and promotes local Rac-dependent endocytosis of the eph-
rin/Eph complex, a key event in axonal repulsion. In Drosophila
however, mutations in Eph surprisingly show no obvious axon
guidance defects in the photoreceptor axons targeting to the optic
lobe nor in the embryonic CNS (Boyle et al., 2006). This suggests
that in Drosophila, vav would need to be acting downstream of
other guidance signals besides Eph.

In conclusion, we propose that Vav, after being activated by
signaling receptors, could be required to stimulate Rac proteins
to participate in the regulation of axon growth and guidance
during development.

Vav and other GEFs

The Drosophila genome contains 22 GEFs. At least nine of them
are expressed in the CNS (Hu et al., 2005), five of which are
thought to be Rac activators. Why are there several Rac GEFs
acting in the nervous system? A possible explanation is that the
different GEFs might be activated in response to distinct guid-
ance cues, thus triggering Rac-dependent specific cellular re-
sponses. For instance, beside its function in longitudinal axon
growth, Trio has been involved in promoting commissure forma-
tion through its interaction with the attractive Netrin receptor
Frazzled (Forsthoefel et al., 2005). Furthermore, another GEF,
Sos, has been proposed to mediate Rac activation downstream of
the Robo receptor to control axon repulsion at the midline (Yang
and Bashaw, 2006). In this scenario, Vav, Sos, and Trio could
coexist and be activated in response to different guidance mole-
cules to control distinct aspects of axon guidance during the for-
mation of the CNS.

In another scenario, different set of GEFs could also act redun-
dantly to activate Rac proteins to a certain level, or at precise time
points or in specific subcellular locations, allowing a unique cel-
lular response. In fact, we have shown that the loss of both vavand
sos function enhances dramatically the individual midline guid-
ance phenotypes, suggesting that vav and sos can act redundantly
in a common pathway. Similarly, the phenotype of the vav;trio
double mutant in the nervous system, both at the midline and
along the longitudinal axons, is more severe than the single mu-
tants. In addition, while mutations in either vav or trio do not
show any obvious defects outside the nervous system despite
their widespread expression, elimination of both results in gross
morphological defects. This indicates that both genes can act
redundantly in vivo in different tissues and suggests that vav and
trio are the main regulators of Rac activity.

A final explanation for the existence of different rac GEFs is
that they could preferentially activate a particular Rac. There are
three highly related rac genes in Drosophila, racl, rac2, and mtl,
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and it has been suggested that Racl and Rac2 are preferred sub-
strates of Trio (Hakeda-Suzuki et al., 2002). By performing a
similar epistasis analysis, we have shown here that in photorecep-
tor cells Vav activates preferentially Racl and Rac2. The fact that
vav and trio show similar substrate specificities could explain why
we found these two genes to be redundant during embryogenesis.

In conclusion, although the vav family has been mainly impli-
cated in the hematopoietic system and immune response, new
roles are beginning to emerge for these genes. The fact that vav is
required for axon growth and guidance at different stages of de-
velopment suggests that it could be playing a multiplicity of func-
tions in response to diverse signals. The existence of various
protein—protein interaction domains in Vav represents a means
of integrating Rac activities. Our results also suggest that vav
function must overlap with that of other Rac modulators. Having
isolated mutations in the Drosophila vav gene will help elucidate
not only the role of this GEF during neural development but also
the molecular mechanisms underlying general remodeling of the
embryonic and adult nervous systems.
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